Using a laser profile microscope, we have investigated the internal structures of porous Ni-P electrodeposits grown under fixed current densities to find some properties that characterize the structure of the electrodeposits. The statistical analysis of the digitized microscope images reveals that the porous Ni-P deposits distribute according to a Poisson distribution and have values of the fractal dimension and scaling exponent different from those of the diffusion-limited aggregation model. Another result is that the number of ions at the cathode electrode oscillates at a fundamental frequency, which fact is interpreted by the presence of an oscillatory solution of the electrochemical rate equations in the Ni-P-H system using linearized perturbation equations.
Various morphologies in electrodeposition named dense structures, elongated finger arrays, forests of trees, and dendrites have been recognized experimentally and have also received much theoretical interest. 1 The dynamics of pattern formation are often interpreted on the basis of a diffusion-limited aggregation ͑DLA͒, 2 that gives the fractal dimension d f (d,db) on the d b -dimensional surface of substrates in the d-dimensional space. 3 In addition, scaling properties that describe the structures of electrodeposits have been studied quantitatively using power-law treatments.
These experimental investigations into the morphologies have been made mainly for single-element electrodeposits in a confined thin cell. For the co-electrodeposition of two and more ion elements, the morphological growth phenomenon becomes more complicated, and other types of morphological transitions and morphologies are observed. For example, the presence of spherical pores in nickel electrodeposits 4 was reported and suggests that the pores in the nickel films become spherical owing to the stable electrochemical reaction 2H ϩ ϩ 2e → H 2 . Unfortunately, there have been very few studies on macro internal structures and their characterizations of porous Ni-P electrodeposits. Ni-P alloys generally serve as substrates for magnetic materials in thin-layer magnetic storage devices. 5 In this study, nickel, phosphorus, and hydrogen atoms are deposited at cathode electrodes in typical electrolytes under fixed current densities. The pores in the Ni-P electrodeposits appear to be string-like aggregates different from those in pure nickel electrodeposits. The porous structures in the Ni-P electrodeposits are analyzed using digitized microscope images of the Ni-P electrodeposits.
This paper aims at presenting the characteristic properties of the porous Ni-P structures in terms of periodic structures, scaling properties, and oscillatory behaviors in deposition. In particular, the oscillatory deposition behavior is analyzed on the basis of analysis of linearized perturbation equations in electrochemical reactions of the Ni-P-H system.
Experimental
The experimental procedure for Ni-P electrodeposition at fixed current densities was as follows: copper and carbon plates 1 cm wide and 3 cm long were prepared for cathode and anode electrodes. The mirror-like copper and carbon plates were cleaned by a wet process and placed parallel in a still bath containing ͑g/L͒: nickel sulfate, 148; nickel chloride, 45; nickel carbonate basic, 32; phosphorous acid, 20; and phosphoric acid, 35. The bath was maintained at a temperature of 323 K. A fixed current density ranging from 10 to 40 mA/cm 2 was applied during electrodeposition. The phosphorus concentrations in the electrodeposits were measured with electron probe microanalysis ͑EPMA͒. The Ni-P electrodeposit on the copper plate was embedded in a polyester resin. After the resin hardened, the samples were polished to observe with a laser profile microscope that has an accuracy of the order of 0.23 m. The digitized crosssectional microscope images comprise 480 ϫ 752 pixels.
Results and Discussion
Scaling and self-similarity are important concepts in modern statistical physics, especially in phase transitions. Scaling is often described by simple power laws consisting of the exponents, irrespective of experimental details and specific experimental systems. Electrodeposition, which is a kind of phase transition, exhibits scaling and self-similar properties insensitive to experimental details such as electrodeposition in the electrolyte under quiescent or stirring conditions. This is one reason why scaling treatments are chosen to analyze the experimental results.
Scaling properties.- Figure 1 shows the cross-sectional images of the Ni-P electrodeposits observed with the laser profile microscope. The dark regions are empty, and the bright regions in Fig. 1c and d seem to be string-like structures. The porous structures appear to have no spherical shape, which is different from those observed in pure nickel electrodeposits. 4 Generally, the nucleation rate of electrodeposits increases by using pulse currents instead of fixed currents. If that is true for the gas formation of hydrogen, we may control the nucleation rate of the hydrogen gas bubbles and may solve a question of why the porosity in this experiment has no semiglobular or no semioval shape. These porous images of the Ni-P electrodeposits do not depend on planes polished in directions parallel to the growth direction. The Ni-P electrodeposit grown at a current density of 10 mA/cm 2 has a dense structure, which changes into a porous structure at a current density of 20 mA/cm 2 . The structure in Fig. 1b shows that the porous Ni-P deposits are grown at the initial stage and after that, the dense Ni-P appears, which suggests that the growth mechanism is unstable even under the fixed current density. In a previous paper, 6 we report that under a fixed current density and the high initial ion concentrations of ͓Ni 2ϩ ͔ and ͓H 3 PO 3Ϫ ͔, even if hydrogen evolves, the concentration ratio of P to Ni may remain unchanged. Hence, in Fig. 1b , the P concentration in the dense portion may be similar to that in the porous portion.
To measure the abrupt transition quantitatively, the porosities defined by the ratio of the number of pixels in the dark regions to the number of the total pixels of the image are calculated from the cross-sectional images of the Ni-P electrodeposits. The phosphorus concentration investigated with EPMA 6 and the porosity in the Ni-P electrodeposits are plotted in Fig. 2 . It can be seen that the porosity increases with a decrease in the phosphorus concentration. The current passes through the electrolyte, reducing nickel, phosphorus, and hydrogen ions at the cathodes. The mechanism of phosphorus incorporation into nickel electrodeposits has been reported, which is due to the phosphine gas PH 3 evolved at the cathode electrodes. 7 Under the fixed current density, the decrease in the phosphorus concentra-tion in the Ni-P electrodeposits implies an increase in the hydrogen gas evolved at the cathode electrodes. Hence, the hydrogen gas evolved at the cathodes plays a main role in the formation of the porous structures in the Ni-P electrodeposits.
Do the string-like Ni-P images in Fig. 1b-d have some periodical and symmetrical structure? Using a fast Fourier transform ͑FFT͒ technique, Fig. 3 shows a typical power spectrum image of Fig. 1c , which depicts a hollow pattern but not some straight lines and dots. Hence, it is concluded that no periodical structure of the Ni-P deposits can be recognized.
We examine scaling properties of the porous Ni-P electrodeposits. All the cross-sectional microphotographs digitized with a resolution of 480 ϫ 752 pixels are transformed into binary images. The root-mean-square ͑rms͒ thickness and the number of pixels that lie with a thickness of h and under are defined by
that is defined as where ͗¯͘ indicates an average over the number of pixels that exist under a thickness of h, and x i is the thickness of the pixel i. Equation 2 represents the number of accumulative pixels that lie under a thickness of h that changes in a range of 0 to 479 in units of pixels. Figure 4 shows that N(h) and T(h) increase as a power of h and N(h), respectively
The values of ␣ and ␤ in Fig. 4 are estimated at 1.15 and 0.910, which yield ␣␤ ϭ 1.05. Figure 5 shows that when the exponent ␣ increases with the current density, reversely the exponent ␤ decreases. Consequently, we find that ␣␤ ϭ 1.05 Ϯ 0.02 ͓6͔ which leads to T(h) ϰ h in terms of the number of accumulative pixels. It goes without saying that ͗x i ͘ ϳ h, which implies that the distribution of the accumulated pixels is determined only by h. In a stochastic process, 8 the mean value m and standard deviation are defined by
where P j is a probability density function. However, the mean and standard deviation values of the accumulative pixels in this study become m ϳ h and 2 ϳ h 2 from the preceding results. These expectation values associated with h are obtained only if P j is a type of the following power distribution
which gives a probability distribution of pixels to be found at the x j th site after a pixel is found at the x i th site (x j Ͼ x i ). The power distribution implies that the Ni-P deposits distribute according to the Poisson distribution. 8 Hence, in Ni-P electrodeposition, the ion particles arriving at the cathode obey the Poisson process. More detailed studies such as numerical simulations based on the Poisson process may be needed to be compared with the porous structure in this study.
of the porous Ni-P electrodeposits that grow on the d b -dimensional surface in the d-dimensional space. An rms thickness 9 in units of pixels, which is different from Eq. 1, is defined as
͓10͔
which is measured from the substrates. As reported before, 3 T s (h) increases as a power of N(h)
Figure 4. Typical log-log plots of N(h) vs. h and T(h) vs. N(h).
The slopes of the straight lines best fitted to data give the exponents ␣ ϭ 1.15 and Fig. 6 , the values of about 0.9 are much less than those in the DLA model. This indicates that, contrary to the growth process in the DLA model, first, the density of the Ni-P electrodeposit does not decrease with the deposition time, and second the ions arriving at the cathode in this experiment are not affected by local effects such as the shadowing generated by the branches of the deposits. Hence, the ions deposited at the cathode have a diffusion length larger than the DLA deposits.
Using a box counting method, the fractal dimension
where N s is the number of bright pixels that are included in an area of 1 ϫ 1. The bright pixels correspond to the Ni-P deposits. Figure  7a shows a typical binary image into which the string-like image is transformed. The absolute value of the slope in Fig. 7b is 1 .89, which is greater than the value of 1.67 in the DLA model. This also implies that in Ni-P electrodeposition local effects such as shadowing can be negligible and the ions arriving at the cathode can diffuse in contrast to the DLA model.
Oscillatory behavior in electrodeposition.-Next, let us examine how the number of pixels that lie at a thickness of h changes. The number of pixels at a thickness of h is defined as Figure 8a shows that the number of pixels oscillates with thickness. Figure 8b is a Fourier transformation of n(h), where P( f ) is a Fourier transform of n(h) and f is the frequency. The power spectrum indicates that a fundamental frequency f 0 exists. This suggests that even under the fixed total current applied for the reduction of Ni, P, and H ions, their reaction rates may give rise to oscillatory behavior owing to instability in the electrochemical reactions in the Ni-P-H system. Figure 9 shows a typical plot of the cell voltage between the anode and cathode electrode vs. the deposition time. For a current density of 15 mA/cm 2 at which the Ni-P film has the dense structure, the cell voltage asymptotically decreases with time. For 25 mA/cm 2 , at which the Ni-P film has a porous structure, the cell voltage changes unstably and oscillates during deposition. The unstable cell voltage after 2500 s in Fig. 9 corresponds to the phase transition from the porous structure to the dense structure as shown in Fig. 1b .
Therefore, we first examine whether or not a condition for the oscillatory deposition in the Ni-P films exists using perturbation equations of the electrochemical reactions. The electrochemical reactions that take place in Ni-P electrodeposition are as follows 7, 10 Ni 2ϩ ϩ 2e→ 
where k i is the rate constant. Equation 15g 11 represents that phosphine dissolves in water and dissolved phosphine reacts with hydrogen ions to form the phosphonium ion, PH 4 ϩ . The phosphorus element is incorporated into the electrodeposits through the process of the evolution of phosphine gas, which has solubility in the acid solution, as shown in Eq. 15g. Equation 15f acts as a feedback of the phosphine gas that may cause oscillatory chemical reactions. The rate equations are promptly derived
where ͓¯͔ indicates a concentration of a chemical material in electrolyte. We set the concentrations of the following chemical species at the steady state to be ͓H 3 PO 3 
Hence, a condition for the oscillatory reactions is
This condition only gives one upper limit of the reaction rate ratio. It is unclear at present whether or not the condition is valid because the experimental values of the two reaction rates are unknown. We cannot succeed in observing the oscillatory cell voltage with a fundamental frequency. 12, 13 However, as the presence of the fundamen- tal frequency f 0 is shown, we believe that there some oscillatory electrochemical reactions exist.
Conclusion
The ion species arriving at the cathode electrodes obeys the Poisson distribution by the measured scaling exponent ␣␤ ϭ 1.05. In addition, the exponent v ϭ 0.9 and the fractal dimension 1.89 suggest that in Ni-P electrodeposition local effects such as shadowing can be negligible, and the ions arriving at the cathode can diffuse, in contrast to the DLA model. The power spectrum of the Fourier transformed cross-sectional Ni-P electrodeposit images reveals the presence of the fundamental frequency at which the number of the deposited particles vibrates. The interpretation of the oscillatory behaviors in the process is given by the solution of the electrochemical rate equations in the Ni-P-H system using the linearized perturbation equations.
